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AbstrAct
Site index curves were created for natural Aleppo pine (Pinus halepensis Mill.) stands in the Ebro Valley (northeastern Spain). Data were 
obtained from 54 felled dominant trees. The Generalized Algebraic Difference Approach (GADA) was used to fit 11 equations with a 
longitudinal data structure that included all possible growth intervals. Three statistical criteria were used for model comparison: root 
mean square error (RMSE), adjusted coefficient of determination (R2adj) and Akaike’s information criterion (AIC). Graphical evaluation 
of the data (plots of observed against predicted values and of residuals against predicted values) was also conducted. In addition, the 
root mean square error (RMSE) was plotted against age. Finally, fitted site index curves for different site qualities were superimposed on 
the profile plots of the stems analysed. The best reference age (60 years) was calculated from the relative error in the dominant height 
prediction. The Hossfeld IV model proved the most suitable for representing site index in the study area. Furthermore, only three site 
index curves (6 m, 10 m and 14 m at 60 years) were suitable for classifying the entire study area because of the low productivity of the 
stands. These were compared with other site index curves developed for Spain and other countries, for the natural range of distribution 
of the species. Specific site index curves must be created for the study area, because the existing qualities and growth patterns are not 
well-represented in other models.
Key words: GADA, Hossfeld model, Pinus halepensis, productivity.
resumen
Se han elaborado unas curvas de índice de sitio para las masas naturales de pino de Aleppo (Pinus halepensis Mill.) del valle del Ebro (no-
reste de España), a partir del análisis de tronco de 54 árboles dominantes. Se utilizó la generalización de la metodología de ecuaciones en 
diferencias algebraicas (GADA por sus siglas en inglés) para ajustar un total de 11 ecuaciones. La comparación de los modelos se realizó 
mediante tres estadísticos: raíz del error medio cuadrático (RMSE), coeficiente ajustado de determinación (R2adj) y criterio de información 
de Akaike (AIC). También se utilizó una evaluación gráfica de valores observados y residuales frente a predichos para comparar modelos, 
y otra de la raíz del error medio cuadrático (RMSE) frente a la edad. Además, las curvas ajustadas fueron superpuestas a los perfiles de 
los análisis de tronco utilizados. La mejor edad de referencia (60 años) se calculó a partir del error relativo en la predicción de la altura 
dominante. El modelo de Hossfeld IV ofreció los mejores resultados, y solamente tres índices de sitio (6 m, 10 m y 14 m a los 60 años) 
fueron suficientes para clasificar todas las masas, caracterizadas por su baja productividad. Finalmente, las curvas fueron comparadas 
con otras existentes para la especie en España y en otros países de su área de distribución natural. Esta comparación reveló la necesidad 
de contar con unas curvas de índice de sitio específicas para la zona de estudio, pues las calidades y los patrones de crecimiento existentes 
no están bien representados en otros modelos.
Palabras clave: GADA, modelo de Hossfeld, Pinus halepensis, productividad.
doi:10.21829/myb.2017.231495
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IntroductIon
The productive potential of forest stands (mainly for tim-
ber products) and the silvicultural methods required to 
achieve this potential by the end of the rotation period are 
particularly important aspects of forest management. Site 
index is commonly used as an indicator of the potential 
productivity of a forest area, and it enables site classifica-
tion and comparison between different sites.
Dominant height is commonly used to construct site 
index curves because it is easily determined in the field, is 
closely correlated with volumetric production, indicates 
the quality of the stand for all ages and is relatively inde-
pendent of stand density (except at extreme values) and of 
the silvicultural treatments applied (Clutter, Fortson, Pie-
naar, Brister and Bailey, 1983). Dominant height can be 
defined as the mean height of the hundred largest diame-
ter trees per hectare (Assmann, 1970). In the present 
study, this simple, widely used definition enabled compa-
rison of new and existing site index curves for Pinus hale-
pensis (Aleppo pine).
Pinus halepensis is naturally distributed in Spain 
throughout the Mediterranean area of the southeast of the 
Iberian Peninsula and in the Balearic Islands (Serrada et 
al., 2008). The area occupied by natural stands of Pinus 
halepensis in Spain represents 7% of afforested land 
(Herranz, 2000), and plantations with this species repre-
sent 15% of those established between 1940 and 1980 
(Abelló, 1988). However, the species is not particularly 
productive relative to other pines. Scant attention has the-
refore been given to Aleppo pine, even though on a local 
scale it may be the only economic alternative available and 
may complement other non-timber harvests.
In Spain, site index curves have been developed for 
Pinus halepensis in four different studies (Pita, 1965; Erviti, 
1991; Montero, Grau, Ruiz-Peinado, Ortega and Cañellas, 
2000; Montero, Cañellas and Ruiz-Peinado, 2001), although 
the origin (natural regeneration or plantation) was not indi-
cated in any of these. The productivity of Pinus halepensis in 
Spain was investigated many years ago by Martín-Bolaños 
(1947), who quantified productivity in four contemporary 
plantations but did not establish site index classes.
Site index curves have been developed for Pinus hale-
pensis in other countries within the range of distribution 
of the species: Italy (Castellani, Chidini and Tosi, 1980); 
France (Pardé, 1957; Abbas, Barbero, Loisel and Quezel, 
1985a; Abbas, Barbero, Loisel and Quezel,1985b; Cou-
hert & Duplant, 1993; Vennetier & Herve, 1999); Greece 
(Panetsos, 1981); Tunisia (Souleres, 1975); Argelia 
(Gualdi, 1979; Franz & Forster, 1980); Israel (Röhle, 
1992); and Morocco (Belghazi, Ezzahiri and Romane, 
2000).
Because all of the above mentioned works for Spain 
or other countries were carried out prior to the year 2000, 
none of them used the Generalized Algebraic Difference 
Approach (GADA) proposed by Cieszewki and Bailey 
(2000), widely used al later times for other species to ela-
borate site index curves (e.g. Tomé, Ribeiro and Soares, 
2001; Sharma, Amateis and Burkhart, 2002; Fontes et al., 
2003; Palahí et al., 2003; Álvarez-González, Ruiz-Gonzá-
lez, Rodríguez-Soalleiro and Barrio-Anta, 2005; Barrio-
Anta & Diéguez-Aranda, 2005; Diéguez-Aranda, 
Álvarez-González, Barrio-Anta and Rojo-Alboreca, 
2005a; Diéguez-Aranda, Burkhart and Rodríguez-Soa-
lleiro, 2005b; Adame, Cañellas, Roig and Del Rio, 2006; 
Tahar et al., 2012; Lopez-Senespleda, Bravo-Oviedo, 
Alonso and Montero, 2014).
objectIves
The main objective of this study was to elaborate site 
index curves for natural even-aged stands of Pinus hale-
pensis Mill. in two large areas of the Ebro valley (Spain) 
using the GADA methodology, in order to improve esti-
mate of dominant height growth and to compare the refe-
rence age and range of the fitted curves with those of the 
existing models for the species.
mAterIAls And methods
Data set
The study was conducted in an area of approximately 
40 000 ha in the central Ebro valley (which includes parts 
of the provinces of Zaragoza and Huesca, in northeast 
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Figure 1. Map showing the study area.
Spain) where Pinus halepensis is naturally distributed 
(Fig. 1). The area encompasses more than 80% of the total 
area of distribution of the Monegros-Ebro valley Prove-
nance of the species (Gil et al., 1996).
Data used to develop the site index curves come from 
stem analysis of 54 felled dominant trees, ranged across 
all existing site qualities in the area.
The 54 felled trees were cut into 1 m sections, and the 
total height of the tree (m), length of the sections (m), 
height of the stump (cm), perimeter (m), bark thickness 
(two measurements at right angles, mm) and number of 
rings were recorded (the latter three parameters were mea-
sured in each section). The number of rings was visually 
counted in the field, taking into account the possibility of 
existence of false or double rings in this species (Novak, 
Luis, Čufarc and Raventós, 2011). The total volumes with 
and without bark were estimated by Smalian’s formula, 
except for the top section, which assumes the form of a 
cone. The descriptive statistics of the main variables from 
the sample of trees used for fitting the site index curves are 
shown in Table 1.
To eliminate the skew introduced in stem analysis 
when estimating the real age at which the felling height is 
reached in the stem (given that the felling section does not 
coincide with periodic growth in height), the method of 
Carmean (1972), with the modification proposed by New-
berry (1991), was used for the top section.
Table 1. Summary of the main dominant tree variables from 
the sample used to fit the site index curves.
Statistics h d h/d v
ob
v
ub
t
Minimum 4.89 13.37 27 0.02 0.02 42
Maximum 16.03 47.75 49 1.05 0.83 117
Mean 10.20 28.13 38 0.34 0.27 76.23
Standard deviation 3.15 8.37 0.05 0.27 0.22 19.84
Where h: total height (m); d: diameter at breast height (cm); v
ob
: over bark stem 
volume (dm3); v
ub
: under bark stem volume (dm3); t: age (years).
Figure 2 shows the temporal changes in height of each of 
the dominant trees used in the fits and the curve corres-
ponding to the mean values for each age (thick line). This 
type of graph is of great help in diagnosing the mean 
structure of a population, as it indicates whether there is a 
lack or scarcity of data in some zones. A step-wise decrease 
to midline data after 72 years was observed (although the 
overall trend was maintained). This was due to the scar-
city of data for older ages and was more evident in the 
better quality stands. This is a common problem in deve-
loping site index curves for forest species with interme-
diate and long rotations, which often do not include data 
from high quality stands of advanced ages.
In this study, site index was represented by the 
height of the dominant trees, measured according to 
Figure 2. Mean structure (thick line) of the data used to develop 
the site index equations superimposed on the profile plots of the 
54 stem analyses.
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the definition given by Assmann (1970), at a certain 
indicator or reference age (Carmean, 1970). The refe-
rence age usually coincides with the culmination of 
mean increment, or two thirds or the rotation for a 
stand of intermediate quality (Pita, 1991). Pita (1965) 
and Erviti (1991) established the reference age for 
Pinus halepensis as 40 years, but more recently Mon-
tero et al. (2000; 2001) considered a reference age of 
80 years. We selected the reference age by first calcula-
ting the error associated with the dominant height and 
then searching for the reference age that many trees 
have reached but that minimizes the aforementioned 
error.
Base models
We used the Generalized Algebraic Difference Approach 
(GADA) proposed by Cieszewki and Bailey (2000) with 
longitudinal data from stem analysis that considers all 
possible growth intervals. This method is a generalization 
of the method based on algebraic differences (Algebraic 
Difference Approach, ADA) developed by Bailey and 
Clutter (1974).
In the ADA method, dynamic equations that relate 
dominant height and age are obtained. The main advan-
tage of the GADA method is that the dynamic equations 
are obtained from the same base equation as the ADA 
models, but allow more than one parameter to be depen-
dent on the forest site, thus enabling development of more 
flexible equations.
The dominant height growth equations selected were 
those that generate polymorphic curves (Clutter et al., 
1983). These curves are also denominated non proportio-
nal because they do not display a proportional relations-
hip between the values of the dominant height, and each 
curve therefore takes a different form.
The selected models are derived from several base 
growth equations expressed in difference algebraic forms. 
These models generated all possible polymorphic solu-
tions that relate a single parameter to site. Polymorphic 
solutions that related two parameters to site were also 
obtained for three of the models.
The dynamic equations in the form of algebraic diffe-
rences are based on the height Y at age t, for which the 
following three parameters must be known: height Y0 at a 
previous age t0 and ages t0 and t, i.e. Y = f(t, Y0, t0).
The final expression is obtained after resolving some 
of the model parameters on the basis of t0, Y0 and the 
other parameters, and then substituting these in the model 
to express Y as a function of Y0, t0, t and the other para-
meters (Ramírez-Maldonado, Bailey and Dorders, 1988). 
In dynamic equations in which two parameters are related 
to site, these must be reparameterized by considering that 
each depends on an unknown site characteristic, so that a 
mathematical solution can be found.
These models require longitudinal data from perma-
nent plots in which two or more measurements corres-
pond to the same stand (Gadow and Hui, 1999), or stem 
analysis data. Six different data structures can be genera-
ted from stem analysis data for use in fitting models 
expressed as algebraic difference equations. However, the 
data structure that includes all possible growth intervals 
also provides the most stable and consistent results (Goelz 
and Burk, 1992; Huang, 1999), and this type of structure 
was therefore used in the present study.
The fitted models are shown in table 2, along with 
the original model and the parameter related to site.
Equations CC1, CC2 and CC3 were formulated from 
the integral form of the base equation of Bertalanffy-
Richards (Bertalanffy, 1949; 1957; Richards, 1959). The 
first two of these were obtained by expressing the base 
equation in algebraic differences and resolving a3 in the 
first case and a2 in the second case. Equation CC3 is the 
result of relating parameters a1 and a3 to site, according to 
the expressions in table 2. The first two solutions were 
used in several studies involving modelling of the domi-
nant height growth of several forest species in the Iberian 
Peninsula (e.g. Fontes et al., 2003; Palahí, Tomé, Pukkala, 
Trasobares and Montero, 2003; Álvarez-González et al., 
2005; Barrio-Anta and Diéguez-Aranda, 2005; Diéguez-
Aranda et al., 2005a; b). The dynamic model obtained by 
relating two parameters to site (equation 3) was also used 
to model dominant height growth of Pinus taeda in Geor-
Madera y Bosques         vol. 23, núm. 1: 143-159        Primavera 2017
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gia (USA) with the aim of testing different fitting methods 
(Cieszewski, Harrison and Martin, 2000). This model 
also produced the best results for Quercus faginea in 
Spain (Lopez-Senespleda et al., 2014).
Equations CC4, CC5 and CC6 are polymorphic 
forms of the base model of Korf (Lundqvist, 1957), which 
is usually referred to as the model of Bailey and Clutter 
(1974) or of Schumacher (1939). The first two models are 
obtained from the base equation expressed as algebraic 
differences and resolving parameters b1 and b2 respecti-
vely. The third equation (CC6) is obtained by relating 
parameters b0 and b1 to the site according to the expres-
sion indicated in table 2. The first two models have often 
been used to model dominant height growth (e.g. Tomé et 
al., 2001; Fontes et al., 2003; Palahí et al., 2003; Álvarez-
González et al., 2005; Barrio-Anta and Diéguez-Aranda, 
2005; Diéguez-Aranda et al., 2005a). Of these two poly-
morphic solutions, model CC4 provided the best results 
and was selected by Tomé et al. (2001) and by Barrio-
Anta and Diéguez-Aranda (2005) to construct site quality 
curves for respectively Eucalyptus globulus in Portugal 
and Quercus robur in Galicia (NW Spain). Model CC6 
was used by Barrio-Anta et al. (2005) to develop a basal 
area growth model for Pinus pinaster stands in Galicia, 
and also by Tahar et al. (2012) and Vargas-Larreta, Agui-
rre-Calderón, Corral-Rivas, Crecente-Campo and Die-
guez-Aranda (2013) to develop dominant height growth 
models for Pinus pinea in Tunisia and for Pinus pseudos-
trobus in Mexico respectively.
Dynamic equation CC7 is a polymorphic solution of 
the base equation of Sloboda (1971) and has been tested in 
Galicia for Quercus robur (Barrio-Anta and Diéguez-
Aranda, 2005) and for Pinus sylvestris (Diéguez-Aranda 
et al., 2005a); in both cases it was one of the models that 
produced the best results. It has also been tested with five 
species of pine in Mexico (Corral-Rivas, Álvarez-Gonzá-
lez, Ruiz-González and Gadow, 2004).
Model CC8 is the solution for parameter a2 of the 
base model of Hossfeld (1822, described in Kiviste, Álva-
rez-González, Rojo-Alboreca and Ruiz-González, 2002) 
expressed as an algebraic difference. This base model was 
used in Spain to elaborate site quality curves for different 
species (Pita, 1964; 1965; 1966), and the polymorphic 
solution used in the present study was the same model 
chosen for elaborating site index curves for Pinus sylves-
tris in northeastern Spain (Palahí et al., 2003).
The dynamic equations CC9 and CC10 were develo-
ped from the Hossfeld IV equation (Kiviste et al., 2002). 
Models derived from this equation have frequently been 
used to describe a wide range of population dynamics (e.g. 
Monserud, 1988; Cieszewski, 2000; 2001; 2002; 2003). 
The expression of the first model (CC9) is a special solu-
tion proposed by Cieszewski and Bella (1989) and was 
used to elaborate site index curves for Pinus sylvestris in 
Sweden (Elfving and Kiviste, 1997). This model also pro-
duced some of the best results in studies by Corral-Rivas 
et al. (2004), Barrio-Anta and Diéguez-Aranda (2005) 
and Diéguez-Aranda et al. (2005a; b). The next model 
(CC10) is a special solution of the Hossfeld IV equation, 
proposed by Cieszewski (2002).
The final model used (CC11) is the equation propo-
sed by McDill and Amateis (1992), expressed as algebraic 
differences, and resolved for parameter a2. This model has 
been successfully applied in several studies to model height 
growth (e.g. Sharma et al., 2002; Fontes et al., 2003; Dié-
guez-Aranda et al. 2005a).
Fitting method
The data used consist of several observations of the height 
over time for each of the trees (so-called longitudinal 
data). These longitudinal data were transformed to gene-
rate a structure that considers all possible growth inter-
vals among height-age pairs for each tree.
One of the most important problems when fitting 
regression equations to model height growth is the tem-
poral dependence or autocorrelation between measure-
ments. The autocorrelation between errors, inherent in 
data from permanent plots or from stem analysis, was 
corrected by use of the non linear generalized least-squa-
res method and by modelling the error structure with a 
first order autoregressive model (AR1). For this purpose, 
simultaneous fitting of the mean structure (dynamic 
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structure) and the error structure (autoregressive model) 
was carried out by use of the MODEL procedure in the 
SAS/ETS program (SAS Institute Inc., 2001), which 
enables dynamic updating of the residuals (Parresol and 
Vissage, 1998).
The data structure used in the present study included 
all possible growth intervals. In this case, the error struc-
ture should be expressed as indicated in equation 1, in 
accordance with Goelz and Burk (1992).
ijjjiij XYXfY εβ += ),,,(    (Equation 1)
with: ijjijiij e+⋅+⋅= −− 1,,1 εγερε
and where Yij represents the prediction of the height i 
from height j (Yj), age i (Xi), and age j (Xj with j≠i); β is the 
vector of parameters to be estimated; εij represents the 
error under the condition of non independence; the para-
meter ρ represents the autocorrelation between the actual 
residual (corresponding to the Yij estimate) and the resi-
dual corresponding to the Yi-1 estimate obtained with Yj as 
the predictor variable; parameter γ represents the relation 
between the actual residual and the residual of the esti-
mate of Yi with Yj-1 as the predictor variable; and eij repre-
sents the stochastic error of the model eij≈ N(0,σ), 
independently and identically distributed.
In the definitive expression of the models, the values 
of the parameters of the structure of the autocorrelation 
error are ignored, as the main purpose of their use is to 
obtain an unskewed more accurate estimate of the β 
parameters of the mean structure (dynamic model). 
Moreover, in practice, the values of errors εi-1 and εi-2 
cannot be determined without stem analysis (Monserud, 
1984).
In summary, the process used to fit autoregressive 
GADA models with all possible growth intervals consis-
ted of the following steps: (i) determination of all possible 
growth intervals between the height-age pairs for each 
tree; (ii) fitting the model without considering the error 
structure; (iii) determination of the errors εij, εi-1,j and εi,j-1; 
(iv) fitting a linear model in which the dependent model is 
the residual εij and the independent variables are the resi-
duals εi-1, j and εi, j-1; and (v) fitting the mean (obtained from 
the growth equation) and the error structure (obtained 
from the autoregressive model) simultaneously by the 
MODEL procedure of SAS/ETS (SAS Institute Inc., 2001), 
with the values of the parameters obtained in steps (ii) and 
(iv) as initiators of the regression analysis.
Model evaluation
Comparison of the fitted models was based on numerical 
and graphical analyses. Three statistical criteria obtained 
from the residuals were examined: (i) the root mean square 
error (RMSE), which analyses the accuracy of the estima-
tes; (ii) the adjusted coefficient of determination (R2adj), 
which shows the proportion of the total variance that is 
explained by the model, adjusted for the number of model 
parameters and the number of observations; and (iii) 
Akaike’s information criterion (AIC), which is an index 
used to select the best model on the basis of minimizing 
the Kullback-Liebler distance (Burnham and Anderson, 
1998). These criteria are summarized in equations 2, 3 
and 4 respectively.
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where iy , iyˆ  and iy  are the measured, predicted and 
mean values of the dependent variable, respectively; n is 
the total number of observations used to fit the model; p is 
the number of model parameters; k = p + 1; and 2σˆ is the 
estimator of the error variance of the model obtained with 
Equation 5.
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In addition to these three statistics, one of the most 
efficient ways of comparing models is visual inspection 
of graphs to detect any possible systematic discrepancies. 
Plots of observed against predicted values of the depen-
dent variable and plots of studentized residuals against 
the predicted dominant height were therefore examined. 
The variations in RMSE with age (ranged in age classes 
of five years intervals) were also plotted for each of the 
analysed models.
Graphs of the fitted curves overlaid on the trajecto-
ries of the stem analysis were also examined. The curves 
estimated from the model must be demonstrated to fit the 
real tree profiles. Moreover, curves for which the compa-
rative statistics are identical may have very different gra-
phical appearances (Huang, 1999).
results
The fitting results, parameter values and standard errors 
are shown in table 3. All parameters were significant at a 
significance level of 5%.
The values of the comparative statistics for the eleven 
dynamic models are shown in table 4. The models were 
fitted by considering a first-order autoregressive structure 
for the errors and were fitted to a data structure that 
includes all possible growth intervals.
The model that best fit the data was model CC3, 
followed by models CC10, CC11, CC2 and CC9, which 
all provided similar fits.
The changes in the RMSE were plotted against age 
(ranged in five-year age classes) for all eleven models 
analysed as shown in figure 3, in which it can be seen that 
the models with the lowest RMSE for almost all age clas-
ses were CC9, CC11, CC10 and CC2.
The reference age considered was 60 years. As 
already explained, this was selected by first calculating 
Figure 3. Plot of variations in RMSE in relation to age (age ranged in five-year age classes: age class 1: 6 years - 10 years; age class 2: 
11years - 15 years, …) for the 11 models under study.
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Table 3. Values of the parameters and standard errors for the different models.
Model Parameter Value Standard error
CC1 b
0
44.2323 0.7000
b
1
0.0041 0.0001
ρ -0.9054 0.0042
γ -0.1494 0.0038
CC2 b
1
18.6659 0.0720
b
3
1.3126 0.0025
ρ -0.9270 0.0036
γ -0.1330 0.0032
CC3 b
1
0.0163 0.0001
b
2
-0.8079 0.0381
b
3
6.1171 0.1094
ρ -0.9164 0.0038
γ -0.1379 0.0034
CC4 b
1
319.3027 11.1119
b
3
0.2941 0.0019
ρ -0.9367 0.0035
γ -0.1194 0.0032
CC5 b
0
129.6093 3.0451
b
1
8.1345 0.0143
ρ -0.9872 0.0030
γ -0.0808 0.0027
CC6 b
1
0.0036 0.0020
b
2
62.3206 0.7127
b
3
0.1931 0.0018
ρ -0.9442 0.0035
γ -0.1173 0.0031
CC7 b
0
72.5217 1.8197
b
1
0.2256 0.0015
b
2
0.8596 0.0033
ρ -0.9219 0.0038
γ -0.1324 0.0034
CC8 b
1
8.2775 0.1047
b
3
0.0202 0.0002
ρ -0.9527 0.0035
γ -0.1105 0.0032
CC9 b
2
1.3097 0.0024
b
3
2.046.3110 8.7046
ρ -0.9305 0.0035
γ -0.1271 0.0032
CC10 b
1
21.2343 0.2963
b
2
607.3497 65.6256
b
3
1.3141 0.0025
ρ -0.9286 0.0036
γ -0.1280 0.0032
CC11 b
0
24.2616 0.1249
b
1
1.3013 0.0023
ρ -0.9275 0.0036
γ -0.1294 0.0032
Model Parameter Value Standard error
the relative error (RE, %) associated with the domi-
nant height and searching for the reference age that 
many trees (n, number of observations) have reached 
but that minimizes the aforementioned error for the fit-
ted models (Fig. 4). As shown in figure 4, a large num-
ber of trees (n) have reached the age of 60 years to 
which ER has a reasonable value close to 15%. At 
lower reference ages ER increases noticeably, while the 
number of trees reaching major reference ages is signi-
ficantly reduced.
The fitted models were plotted in the graphs of the 
tree profiles used in the fits. The graphic appearance of 
some models varied somewhat with respect to others, 
even when the comparative statistics were quite similar, as 
reported by Huang (1999). After inspection of the graphs, 
we found that models CC9 and CC10 provided the best 
fits to the trends in the tree data profiles. Adequate values 
of the statistics used to compare the models were also 
obtained for the latter models. Comparison of the curves 
obtained with both equations (Fig. 5) revealed that model 
CC10 slightly overestimated the values of the best quali-
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Table 4.Values of the statistics used to compare the different 
models.
Model RMSE R2
adj
AIC
CC1 0.613 0.976 -34,501.58
CC2 0.538 0.981 -43,691.58
CC3 0.530 0.982 -44,798.77
CC4 0.572 0.979 -39,446.82
CC5 0.776 0.961 -17,924.35
CC6 0.608 0.976 -35,137.54
CC7 0.556 0.980 -41,463.35
CC8 0.634 0.974 -32,110.65
CC9 0.541 0.981 -43,385.42
CC10 0.536 0.981 -43,960.69
CC11 0.538 0.981 -43,722.19
Figure 4. Plot of relative error of dominant height (RE, %) and 
number of trees that have reached a certain age (n, number of 
observations) against age in site index prediction related to 
choice of reference age for the selected model.
Figure 5 (a and b). Graphic comparison of the site quality curves elaborated from models CC9 and CC10 superimposed on the tree 
profile plots.
ties at young ages (which is not the case with the model 
CC9), although at more advanced ages both curves fit 
quite well to the trends in the data.
dIscussIon
After analysis of the statistics used to compare the models 
(Table 4) and the behaviour of the RMSE per age class 
(Fig. 3) and graphically plotting the curves for each of the 
models tested (Fig. 5), we chose dynamic equation CC9 
(Hossfeld IV, described in Kiviste et al., 2002) to represent 
the site index curves of Pinus halepensis in the study area, 
due to its better fit to the trend of the data. In addition to 
being polymorphic and presenting multiple asymptotes, 
this model is parsimonious (it has only two parameters).
As above mentioned, the selected model also produ-
ced some of the best results in other similar studies, like 
(a) (b)
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those by Corral-Rivas et al. (2004) for five Mexican pine 
species, Barrio-Anta and Diéguez-Aranda (2005) for 
pedunculate oak (Quercus robur L.) in Northwest Spain, 
and Diéguez-Aranda et al. (2005a; b) for Pinus sylvestris 
and P. radiata plantations in Northwest Spain respectively.
The reference age established in this study was 60 
years. This result contrast with those of Pita (1965) and 
Erviti (1991), who established the reference age for Pinus 
halepensis as 40 years, and more recently Montero et al. 
(2000; 2001) considered a reference age of 80 years.
The selected curves were superimposed on the profi-
les of the trees considered (Fig. 6). The proposed curves 
(thick lines) represent the mean values of the quality 
“bands” shown in different colours. As observed, three 
qualities (6 m, 10 m and 14 m dominant height at 60 
years) are sufficient to classify the natural Pinus halepen-
sis forests in the area into quality classes.
The site index curves developed for Pinus halepensis 
in this study are valid for a large area of the Ebro valley, 
Figure 6. Site index curves for natural Pinus halepensis Mill. stands in the central Ebro Valley (Spain) superimposed on the profile 
plots for the trees considered in the study. The curves represent the mean quality of each of the coloured bands.
and they were compared with other site index models 
already developed for the species in other parts of Spain 
by Pita (1965), Erviti (1991) and Montero et al. (2000, 
2001). The curves were also compared with those elabora-
ted by Franz and Forster (1980) and Vennetier and Herve 
(1999) for the species in Argelia and France, respectively. 
Thus, the curves elaborated by the previously mentioned 
authors were superimposed on the graphical profiles of 
the sample of trees used in the present study and the cur-
ves from the selected model (Fig. 7).
Among existing curves for the species in Spain, those 
elaborated by Pita (1965) provided the best fits for the 
data used in the present study, although the highest qua-
lity was much higher than that observed in the forests 
under study. In the curves elaborated by Erviti (1991) and 
by Montero et al. (2000, 2001) the site qualities were 
much higher than those observed in the present study, and 
no curves corresponded to the low qualities of the forests 
under study.
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of 14 and 17 as the authors considered that these were 
the most common in Spain. However, this does not 
appear to be the case with the forest under study. Mon-
tero et al. (2000; 2001) compared their curves with 
those developed by Pita (1965) and showed that the first 
three site qualities were similar, but noted that they con-
sidered a site quality value of 11 rather than that of 7 
considered by Pita (1965).
Figure 7 (a, b, c, d and e). Plots showing the comparison between the site index curves (model CC9 for heights of 6 m, 10 m and 14 
m at 60 years) and other curves for the same species, superimposed on the tree profile plots.
The first conclusion that we reached was therefore 
that the curves developed by Erviti (1991) do not define 
the whole range of qualities of the species in Spain, par-
ticularly the lower qualities. The same also applies to 
the curves developed by Montero et al. (2000; 2001), 
because although four curves were established for domi-
nant heights of 11 m, 14 m, 17 m and 20 m at 80 years, 
the related yield tables only included site quality values 
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Regarding the curves for other Mediterranean 
regions, those developed for Algeria (Franz and Forster, 
1980) cover a similar range of site qualities as observed in 
the present study and also adapted fairly well to the tree 
profiles.
The curves for the species in France (Vennetier and 
Herve, 1999) showed higher site qualities than those 
observed in the Ebro valley, as indicated by the curves 
elaborated by Erviti (1991).
Moreover, in many cases the models developed here 
intersect with previously existing models, indicating diffe-
rent growth patterns. The models proposed by Pita (1965) 
and Vennetier and Herve (1999) show the most similar 
growth patterns to those indicated by the site index curves 
developed in the present study.
Finally, it must be mentioned that the site index cur-
ves presented in this work were included in a static growth 
model for the species in the central Ebro valley (Cabani-
llas, 2010).
conclusIons
Site index curves for natural Pinus halepensis stands in 
the central Ebro valley are presented. The selected model 
is Hossfeld IV (CC9), Kiviste et al. (2002). The final 
expression of the model is shown in equation 6.
The tree site qualities established are defined by 
dominant heights of 6 m, 10 m and 14 m at 60 years and 
are suitable for classifying the rather unproductive forests 
in the study area.
The curves developed in the present study are compa-
red with existing site index models for the species in other 
parts of Spain and the Mediterranean area. This revealed 
the need to develop the specific site index curves for the 
study area presented in this work, because the existing 
qualities and growth patterns in the central Ebro valley 
are not well-represented in other models.
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